Photodynamic Therapy (PDT) uses a photosensitizing drug in combination with visible light to kill cancer cells. PDT has an advantage over surgery or ionizing radiation because PDT can eliminate tumors without causing fibrosis or scarring. Disadvantages include the dual need for drug and light, and a generally lower efficacy for PDT versus surgery. This minireview describes basic principles of PDT, photosensitizers available, and aspects of tumor biology that may provide further opportunities for treatment optimization. An emerging biomodulatory approach, using methotrexate or Vitamin D in combination with aminolevulinate-based PDT, is described. Finally, current clinical uses of PDT for solid malignancies are reviewed.
Introduction
The concept of photodynamic therapy (PDT) is over 100 years old, since Raab and Von Tappeiner discovered that certain dyes, such as acridine orange and eosin, could cause cell death in the presence of light (described in [1] ). Beginning with more recent clinical studies of PDT for malignant lesions in humans in 1977 [2] , PDT has evolved more rapidly and is becoming an increasingly accepted therapeutic modality, either alone or in combination with other treatments for various malignant and nonmalignant conditions [3] [4] [5] [6] . The purpose of this Minireview is to describe the current uses of PDT for treatment of solid tumors, and to highlight ongoing research approaches that offer promise for improving PDT efficacy. After an introduction to the general principles of PDT, the use of PDT in clinical settings will be summarized, and ongoing research approaches to improve PDT efficacy will be described.
General Overview of PDT
PDT a combination treatment in which a photosensitizer (PS) and light, in the presence of oxygen, is used to kill tumor cells (reviewed in [5; 6] ). Although none of the components of PDT is toxic on their own, the light-induced activation of PS causes the production of reactive oxygen species (ROS), including singlet oxygen ( 1 O 2 ), which trigger the destruction of tumor cells. 1 O 2 has a short lifetime (approximately 1-320 nanoseconds) and a limited diffusion distance (10 -55 nm) inside a cell. Therefore, photodynamic damage is highly dependent upon the subcellular localization of the PS, which can target bcl-2 (an antiapoptotic protein) in the mitochondria and endoplasmic reticulum. This triggers cell death through activation of apoptosis, a process that selectively takes apart the cell through the action of proteolytic enzymes [7] . Another specific cell death pathway, autophagy, described as cellular auto-digestion within double-walled cytoplasmic vacuoles, can also commonly occur after PDT [7] . Necrosis (the least specific form of cell death) is rarely observed [7] .
PDT is a two-step procedure. First a PS is administered; then, the region where the tumor is located is irradiated with visible light at a wavelength(s) that matches the absorption spectrum of the PS. These two steps provide dual selectivity. First, cancer cells accumulate and retain PS to a greater extent than cells in the surrounding normal tissue. Second, tumorspecificity is further enhanced by focusing the light source only on the tumor; this activates the PS and releases free radicals, damaging tumor cells and triggering cell death. In a clinical setting, the PS is often administered intravenously and distributes throughout the body, often accumulating preferentially in tumors relative to normal surrounding tissues. After an optimal period for selective PS accumulation (a function of the particular PS used), the tumor is illuminated and the PS is photoactivated. A high-intensity light source is used to induce photochemical reactions that kill cells. As another option, low intensity light can be used to stimulate the PS to emit fluorescent light for diagnostic purposes. Fluorescence diagnosis can be used to evaluate the location, depth and size of tumors, or to estimate the amount of PS present [6] . This information can also be used to adjust the light delivery so as to optimize the therapeutic outcome [8] .
Based upon these underlying principles of PDT, many different regimens have been developed by experimenting with the following variables: (i) the photosensitizer, including the choice of molecule, route, and dose of administration; (ii) the light source, including wavelength, overall duration, and whether illumination is continuous or intermittent. The drug-light interval, defined as the time between PS administration and exposure to light, is also important because it determines PS concentration and sensitivity (ref. [5; 9] ); (iii) the oxygen concentration within tissues, a potential problem within large hypoxic tumors; (iv) the biological responses of the tumor. Differences in cell physiology between various tumors play a large role in the effectiveness of PDT. Biomodulation (defined below), before and during PDT, offers another avenue for optimization of photodynamic therapy.
Photosensitizers (PS) used in PDT
A large number of PS molecules that vary in structure, size, and charge have been tested in vitro and in vivo as PDT agents. The first PS used clinically for PDT was a water-soluble mixture of porphyrins called hematoporphyrin derivative (HPD), and later, a purified version called porfimer sodium (Photofrin). Although Photofrin is still commonly used for PDT, prolonged phototoxicity (6-10 weeks) and a relatively low absorbance at 630 nm are considered potential disadvantages. Taking into account the limitations of the first generation of PS, a 2 nd generation PS were developed such as BPD-MA, m-THPC, and Pc4 (see TABLE 1 for more information) that do not cause prolonged photosensitivity and are activated by longer wavelengths of light (660-690 nm) that penetrate more deeply into tissue. TABLE 1 summarizes PS that have been approved for PDT treatments [4; 10] . Newer PS, belonging to a 3 rd generation not yet approved for clinical use, include padeliporfin (WST-11) and antibody-conjugated PS that have absorption maxima at 700-800 nm, favoring deeper and more tumor-specific delivery [11] [12] [13] .
A new approach to PDT using -aminolevulinic acid (ALA) was introduced in 1990 [14] . ALA is a precursor to porphyrins that are made within all cells; the intracellular porphyrins serve as the actual PS [14] . ALA, or one of its esters such as methyl-ALA, is administered as a prodrug (given topically or orally) which is then transported into cells and actively converted into protoporphyrin IX (PpIX) via heme biosynthetic enzymes present within mitochondria and the cytoplasm. Both the uptake of ALA, and the conversion to PpIX, often occur at higher rates in neoplastic cells than in cells of normal surrounding tissues. Topical ALA-based PDT has become a great success in dermatology, primarily because of the small and soluble nature of ALA and its esters, which favors permeability through the stratum corneum that overlies skin tumors. Also, local topical delivery significantly reduces the risk of prolonged, generalized photosensitivity [15] .
Light sources for PDT
The wavelength of the light source must correspond to a maximal absorption peak of the PS in order to achieve good cell killing. For the tetrapyrrol-based compounds such as the porphyrins, the biggest absorption peak is nearly always in the Soret-band region around 400 nm. A light source with a high fluence rate, capable of delivering a large dose of light in a short time, is also important. Thus, lasers are often used for PDT but are not absolutely necessary (see below). The nature of light absorption within tissues also matters. Blue light (~400 nm) has relatively low penetration in tissue (only absorbed in the superficial epidermis of skin, for example), whereas red light (600 -700 nm) penetrates more deeply. Infrared wavelengths, however, especially those greater than 800 nm wavelengths, provide too little energy to initiate photodynamic reactions by production of ROS [16] . Several light sources have been successfully used for PDT, including fluorescent tubes, incandescent filament lamps, broadband red light from high-pressure lamps, pulsed dyed lasers and light emitting diodes (LEDs). LEDs are inexpensive alternatives and have several advantages including portability, high fluence rates and relatively narrow spectral bandwidths [17] .
The success of PDT can depend heavily upon the use of light dosimetry to measure and plan for adequate and uniform illumination of the tumor. This becomes especially important when treating deep internal malignancies using light delivered via optical fibers. Dosimetry enables one to determine an optimal fluence rate, total light dose, and exposure time for any given tumor, while sparing normal tissues [8] .
Oxygen
The presence of oxygen in a tumor is critical for the outcome of PDT, since O 2 is required for photochemical reactions to occur; hypoxic regions tend to be relatively unresponsive [18] . Oxygen pressure (pO 2 ) can vary greatly between tumor regions, and is dependent upon the tumor vasculature and oxygen diffusion rates [19] . Oxygen availability is mainly a problem in deep solid tumors, whereas O 2 levels in superficial skin tumors may not be ratelimiting. The rate of O 2 consumption during PDT illumination is another important consideration. Under a high-intensity light source, O 2 may be consumed faster than the rate of diffusion through tissue, resulting in transient O 2 depletion in the tumor [20] . Careful manipulation of O 2 levels in the tumor microenvironment, either by using fractionated light to minimize O 2 depletion during treatment, or conversely, by delivering PS and light to intentionally target vessels to shut off the tumor's blood supply (starve the tumor), is important when designing an effective PDT regimen [21] .
Biomodulation of PpIX levels and cell death pathways within tumors
As described above, the importance of three factors (drug, light, and oxygen) for a successful PDT outcome is supported by numerous studies, in vitro and in vivo, which have provided insights into detailed mechanisms (reviewed in [10; 22; 23] ). At this point, however, efforts to optimize PDT through manipulation of PS, light, and oxygen have probably reached a plateau, and opportunities for further improvements may lie elsewhere. In that regard, a new frontier is opening up in the area of biomodulation for PDT, which emphasizes the importance of the physiological state of the target tumor. Biomodulation is a term that encompasses biological mechanisms by which cells metabolize PS prior to PDT, and respond to the treatment afterwards.
Much activity in this area has centered around ALA-based PDT. Several approaches involve the manipulation of enzymatic pathways by which 5-ALA is converted to heme. For example, the coadministration of ALA with an iron chelator has proven to be effective in both preclinical and clinical studies [24; 25] . Since iron is required for the formation of heme from PpIX, removal of iron blocks this rate-limiting step, yielding higher PpIX levels that are available for PDT targeting. The first iron chelator explored for this purpose, desferrioxamine (DFO), increased PpIX levels in cell lines but failed to elevate the level of PpIX in skin tumors as compared to healthy skin [26] . Another iron chelator, 1,2-diethyl-3-hydroxypyridin-4-one (CP94), has now been shown to selectively increase PpIX levels in preclinical and clinical studies [24; 25] . Another approach that originated in our laboratory involves the use of agents capable of promoting cellular differentiation (e.g. methotrexate, MTX; 5-fluorouracil, 5-FU; or vitamin D, Vit D), in combination regimens with PDT.
Tumors are comprised of poorly-differentiated and rapidly proliferating cells that fail to follow normal physiological and developmental programs. We found that when cancer cells are pushed toward a more differentiated state, higher PS concentrations within the cells can be achieved and they become more susceptible to PDT [27] [28] [29] [30] . This concept is illustrated in Figure 1 and described more fully in the section on Skin Cancer.
To date, PDT has been utilized for pre-neoplastic and neoplastic diseases in a wide variety of organ systems, including: skin, genitourinary, esophagus, prostate, bile duct, pancreas, head and neck, and brain. Below, the use of PDT is described in different organs, starting with a brief summary of current clinical status and followed by some relevant preclinical research. Clinical synopses were drawn from an evidence-based review of PDT in oncology, performed by an expert consensus panel for the Department of Health of the U.K. in 2008, which focused upon randomized controlled trials (RCTs) [31] . We also used information from some observational studies and uncontrolled clinical trials, because the latter studies, while imperfect, help to give a more complete picture of the current state of knowledge about this emerging technology [32] .
Skin cancer and precancer
In terms of numbers of patients treated, PDT is used more frequently for skin cancers and precancers than for any other solid tumor. The success of PDT in dermatology relates to easy accessibility; skin tumors are highly amenable to topical drug and light delivery.
Clinical
Although the early development of PDT prior to 1990 focused mainly upon treating internal malignancies with PS delivered systemically and light delivered through optical fibers [33] , the evolution of PDT into a popular treatment for skin tumors began with Kennedy and Pottier's description of a very simple regimen that uses topical ALA cream and external exposure to light [14; 34] . ALA or its esters (methyl-ALA, MAL; hexyl-ALA, HAL) can be applied topically, producing PpIX in the tumor cells which is then activated using a simple broadband light source. ALA-PDT and MAL-PDT are rapidly becoming preferred techniques for treating actinic keratoses (preneoplastic lesions of the skin), and MAL-PDT is effective for basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) in many settings. Advantages of PDT over surgery or ionizing radiation include excellent cosmetic results (scarless healing) and repeatability (little or no risk of genetic mutations with multiple PDT treatments). Most nonmelanoma skin cancers are amenable to PDT.
Actinic keratoses (AK)-These scaly red lesions on sun-exposed areas such as the face and hands, histologically show squamous dysplasia and carry an increased risk of progression to invasive squamous cell carcinoma (SCC). The risk of AK progression to fullblown skin cancer (~5% in normal patients) rises dramatically (10-50%) in immunosuppressed organ transplant recipients (OTRs), a group for whom aggressive SCC outstrips all other causes of death [35] [36] [37] . PDT represents a broad field-treatment for AK that can significantly reduce the risk of progression to SCC. Good clinical evidence exists in the form of 28 randomized control trials (RCTs) that have examined ALA-PDT and MAL-PDT for AK [31] . The overall conclusion is that PDT is at least as effective as cryotherapy or 5-fluorouracil cream (5-FU) in terms of lesion clearance (except for thick, hyperkeratotic lesions), and is clearly superior in terms of cosmetic result and patient tolerability. For AKs in immunosuppressed OTRs, MAL-PDT appears to offer better clearance than 5-FU in this high risk population [38; 39] . An NIH-sponsored trial in the U.S. to ask whether a combination of 5-FU plus PDT might be better than PDT alone for AKs in OTRs, is currently underway (ClinicalTrials.gov identifier NCT01525329).
Bowen's disease-This is squamous cell carcinoma in-situ, a more advanced form of AK. Seven RCTs have been completed [31] , comparing ALA-PDT or MAL-PDT to cryotherapy, 5-FU, or placebo, and aggregated data indicate better rates of complete response (86-93%) and better cosmetic results with PDT than with the other treatments [40] .
Squamous cell carcinoma-For invasive SCC, PDT is not currently recommended as first-line therapy; surgery gives better results. However, PDT can substantially reduce the size of large SCC tumors, and a recent clinical study suggests that neoadjuvant treatment in which topical PDT is used to shrink SCC prior to surgical excision, can reduce morbidity and increase overall curative response [41] .
Basal cell carcinoma-BCC is the most common form of skin cancer. Thirteen RCTs have been reported, comparing PDT with surgical excision, cryotherapy, or placebo [31] . For superficial BCC, the outcome after PDT appears similar to surgery or cryotherapy, but the cosmesis after PDT is better. For nodular (deep) BCC, PDT is less effective than surgery for lesion clearance. A standard protocol for MAL-PDT of BCC used in Europe, but that regimen may not yet be optimized.
In summary, ALA-based PDT is useful for many nonmelanoma skin cancers and precancers, providing good clearance with excellent cosmetic results (scarless healing). Remaining problems include poor efficacy for deep nodular BCC and invasive SCC, and PDT-related pain experienced by patients during illumination. The pain can only be ameliorated with vigorous cooling of the skin or by regional nerve blocks in severe cases [42] .
Preclinical
While a myriad of studies have examined PDT effects in cultured cells, preclinical (in vivo) models are essential for meaningful study of the complex responses of solid tumors to PDT. In this regard, preclinical models in the skin have been most helpful. We will first describe the cutaneous tumor models available for studying PDT responses, then describe studies that led to the concept of "differentiation-enhancing" pretreatments for ALA-PDT.
Several mouse models for preclinical testing of PDT conditions have been developed in the last two decades. These models include: (1) Chemical induction of superficial tumors in mouse skin. These are generated by the topical application of 7,12-dimethylbenz[a]anthracene and 12-O-tetradecanoylphorbol-13-acetate (DMBA/TPA), which induce premalignant papillomas through mutation of Ha-Ras, with subsequent transformation into SCC [43] . (2) The chemical carcinogenesis model has been used successfully in PDT studies by several groups, including ours. Tumor regression studies involving Pc4-PDT [44; 45] , and studies involving methotrexate or vitamin D combined with ALA-PDT have been recently reported [27; 28] . UVB-induced tumors were employed in studies examining tumor responses to PDT utilizing different PS such as hypericin, Pc4, AlClPc, photofrin, HAL, and MAL [46] [47] [48] [49] . Subcutaneous models were created by implantation of carcinoma cells such as RIF-1 radiation-induced fibrosarcoma cells, EMT6 mouse mammary cells, MDA-MB231 breast cancer cells, and A431 human squamous carcinoma cells for use in PDT studies. Such models were used to investigate the apoptotic response of tumors by PARP-cleavage, overexpression of COX-2, and tumor regression following PDT using photofrin, Pc4, or methylene blue as the PS [50] [51] [52] [53] . In our laboratory, the subcutaneous SCC model with implantation of human A431 cells was used to study tumor responses to combinations of differentiation-inducing pretreatment regimens prior to ALA-PDT, which elucidated the role of TNF and caspase induction during apoptosis following ALA-PDT [27; 28] .
As a salient example of PDT research using preclinical skin models, the discovery of new combinations of "differentiation-promoting" agents and ALA-PDT will now be described. Because ALA-PDT alone is suboptimal for deep tumors, any approach that significantly increases the amount of PS (PpIX) in such tumors would be welcome. Various approaches to try to increase ALA penetration into the epidermis have been tried with only partial success [54; 55] . Our approach was to try to enhance PpIX production by pharmacological interventions that increase the synthesis of PpIX within cells (Figure 2) . We have identified three agents (MTX, 5-FU, and Vit D ), each of which can change the expression of heme synthetic enzymes in tumors, thereby elevating PpIX production prior to ALA-PDT. This is illustrated for pretreatment with Vit D vs. saline control ( Fig. 2A' vs. 2A) . Coincidentally, these agents also promote tumor cell differentiation (Fig. 2C' vs. 2C) .
A link between enhanced differentiation and PpIX accumulation was first suggested by the discovery that skin keratinocytes, forced to undergo growth arrest and terminal differentiation, became more sensitive to ALA-PDT due to enhanced accumulation of PpIX [29] . A combination regimen (cPDT) was proposed, in which pretreatment with the differentiation-promoting agents would be followed by ALA-PDT, thereby enhancing PDT efficacy. Subsequent work has shown that benefits of cPDT are twofold: (1) increased levels of the PpIX target, especially in neoplastic cells; (2) enhanced activity of cell-death mechanisms. With cPDT, a differentiation-inducing pretreatment prior to PDT redirects cancer cells toward normal processes of terminal differentiation and apoptosis, thereby increasing cell death post-PDT (Fig. 2D) . Note that cPDT differs from other forms of differentiation therapy, including the use of retinoids in promyelocytic leukemia, in the following ways: (1) cPDT utilizes the prodrug ALA, exploiting the fact that PpIX is preferentially produced in target tumor cells compared to surrounding normal tissue; (2) the differentiation pretreatment is administered over a relatively short time (generally 3 to 5 days), thereby reducing potential toxicity.
The cPDT concept has been successfully tested in various preclinical models (cultured cells in vitro and mouse tumors in vivo), using each of the three pro-differentiating agents (MTX, Vit D, or 5FU) as a 3-day pretreatment regimen. In each case, the pretreatment given prior to ALA-PDT led to increased tumor cell killing due to higher concentrations of PpIX achieved. Remarkably, these agents exert these effects at a concentration several fold (10-to 1000-fold) below their normal clinical dose [27] [28] [29] [30] . The mechanisms behind these selective increases in PpIX were shown to involve altered regulation of key enzymes of the heme biosynthetic pathway. Regulation of heme synthetic enzymes during PDT has been characterized in different model systems [56] [57] [58] . During pretreatment with MTX or Vit D, levels of coproporphyrinogen oxidase (CPO) and ferrochelatase (FC) are altered in a manner that increases the level of PpIX in tumors [27; 28; 30] . Studies to combine MTX, Vit D, or 5-FU pretreatment with CP94 (an iron chelator), to further elevate PpIX, are being contemplated.
PDT for genital and perineal cancers (mucosal intraepithelial neoplasia)

Clinical
By analogy to the well-established benefit of PDT for actinic keratoses of the skin, PDT is now being used as another option for precancerous conditions that occur in other mucocutaneous epithelia, such as the cervix, vulva, and perianal region [59] . Each of these dysplasias is considered a precursor to invasive carcinoma, and a nondisfiguring therapy to prevent cancer progression would be valuable. For cervical intraepithelial neoplasia (CIN), PDT offers a nonscarring alternative to cone biopsy, as described in a case series of 112 patients whose CIN was treated using PDT with chlorin e6 (Fotolon), with 92% clearance [60] . In another study of 25 patients with CIN treated with hexyl-ALA PDT, complete response and fibrosis-free healing was confirmed histologically [61] . For vulvar intraepithelial neoplasia (VIN), use of Foscan [62] or ALA [63] as the PS may ameliorate the need for radical mutilating surgery. In one interesting study, 25 women with high-grade papillomavirus-associated VIN were treated with topical imiquimod (an immunomodulatory agent) for 8 weeks, then PDT with topical MAL plus red light at weeks 12 and 16. At the end of 1 year of follow-up, the overall response rate was 55% with complete responses in 24% [64] . Note that the alternative to PDT in this cohort with advanced VIN disease was surgical ablation [64] . Similarly, penile intraepithelial neoplasia (PIN) [65] and anal intraepithelial neoplasia (AIN) [66] have been treated with aminolevulinate-based PDT, sometimes with complete clearance. Extramammary Paget's disease (perineal intraepithelial neoplasia in older adults) responds to PDT with porfimer sodium or ALA [67; 68] . In summary, PDT is a viable alternative to surgery or radiotherapy for managing intraepithelial neoplastic conditions because it avoids scarring and can be repeated many times. Relative disadvantages include pain during light delivery (which may require general anesthesia). Randomized trials are still needed to document superiority over other treatments, particularly topical imiquimod alone.
Preclinical
As with squamous neoplasia of the skin, a combination approach using biomodulators such as 5FU or Vitamin D to enhance the 5-ALA mediated accumulation of target protoporphyrins should be considered in future clinical trials. Also worth considering are future studies to examine mechanisms by which imiquimod, a Toll-like receptor agonist, affects the inflammatory (immunologic) responses to tumor cell-associated antigens when administered before or after PDT. Barrett's) 
PDT for esophageal cancer and precancer (
Clinical
In the distal esophagus, squamous-to-columnar conversion of the distal esophagus can occur due to chronic reflux of gastric acid. This condition (called Barrett's esophagus) predisposes to development of high-grade dysplasia, which may progress to invasive adenocarcinoma if not treated. As an alternative to surgical esophagectomy, PDT with porfimer sodium (Table  1) , or with 5-ALA in some studies, with light delivered endoscopically, has been used with considerable success [69] . There have been 11 RCTs performed of patients treated with PDT for Barrett's esophagus. One large multi-center study of 208 patients, followed for 5 years, showed that porfimer sodium PDT plus omeprazole (an acid-lowering agent) was significantly more effective than omeprazole alone for eliminating high-grade dysplasia (HGD) in Barrett's patients (77% vs. 39% without HGD), and for reducing progression to cancer (15% vs. 29% with new esophageal cancers) [70] .
Another endoscopic technique called radiofrequency ablation (RFA) appears to be equally effective to PDT for elimination of high grade dysplasia, and because RFA does not require any additional drug, may be gaining favor among clinicians [71] . However, both PDT and RFA represent good alternatives to esophagectomy.
Advanced esophageal cancers have been treated with PDT, mainly as a palliative measure (tumor debulking), but not as a preferred primary modality.
Preclinical
For Barrett's and esophageal cancer, most research activity has centered on efforts to identify tissue biomarkers that might identify which patients will respond to PDT of Barrett's esophagus [72] .
PDT for head & neck cancer
Clinical
This group of diseases refers to carcinoma of the mouth, pharynx, larynx, salivary glands, and middle ear, with most of the tumors arising in mucosal linings. PDT has the potential to control cancers in these locations with less loss of function (swallowing, taste, speech, etc) as compared to surgery or radiation therapy [73] . By 2010, over 1500 patients have been treated with PDT for head and neck cancers, mostly for squamous carcinoma but also other cancer pathologies [74] . Porfimer sodium (Photofrin), 5-ALA, Foscan, and Photochlor have all been used by systemic delivery; Foscan in particular is licensed in the EU for head and neck indications (Table 1) . For early oral cancer, two large multicenter European studies showed very good response rates (71-80% CR) [75; 76] . For early cancers of the larynx (true vocal cord), PDT with porfimer sodium was shown to be 91% effective at 5 years and 100% effective after retreatment of recurrences, making PDT a much less mutilating treatment than laryngectomy [77] .
Preclinical
Although yet to be applied to SCC of the head and neck, the pro-differentiation approaches described in section 6. might be applicable to ALA-PDT of head and neck cancers. Other interesting combination approaches have been described, such as the use of sphingolipid analogs to enhance Foscan-mediated PDT of head and neck SCC in mice; these compounds may also represent biomarkers for predicting treatment response [78] .
PDT for lung cancer
Clinical
PDT is increasingly being used to treat cancers of the airways and other tumors in the thoracic cavity [79] . PDT using systemic Photofrin and light delivered via a bronchoscope appears to be quite effective for early SCC of the airways, with efficacy similar to localized electrocautery, cryotherapy, or laser therapy. Another interesting niche for PDT is mesothelioma; PDT delivered in an open-chest setting (by filling the inter-pleural space with a translucent fluid to distribute light to all tumors studded across the pleural surface) is proving an effective way to treat this otherwise intractable cancer [80] .
Preclinical
An orthotopic model of disseminated non-small cell lung carcinoma in mice, in which PDT is administered via diffusion of light throughout the thoracic cavity to treat widespread tumor nodules, could prove very useful for preclinical investigations [80] .
PDT for prostate cancer
Clinical
PDT is one of several minimally-invasive alternatives to surgery or radiotherapy for prostate cancer that is being tried (the others being cryotherapy, high-intensity ultrasound, and thermal laser ablation). All of these alternatives reduce the risk of the post-surgical side effects of incontinence and impotence. Foscan, Tookad, and Lutex have been used in observational studies of prostate cancer treatment ( Table 1 ). The photosensitizer is injected intravenously, and optical fibers for light delivery are inserted into the prostate gland under transrectal ultrasound guidance. Several Phase 3 randomized controlled trials to compare PDT with active clinical surveillance, are now underway in Europe.
Preclinical
Studies in which prostate cancer cell lines were implanted in mice, to create in vivo tumor models, have offered valuable insights about PDT mechanisms of action. For example, experimental in vivo tumor models were used to show the following: (i), prostate cancers are more highly vascularized when grown orthotopically as compared to subcutaneously [18] ; (ii), VEGF plays a very important role in the response to PDT [81] ; (iii), microheterogeneity of the vascular bed within tumors can greatly affect photosensitizer delivery and efficacy [82] . Other studies conducted with prostate cancer cell lines suggest that pro-differentiation approaches using MTX and Vit D could have potential, if 5-ALA were employed for PDT of prostate cancer [30; 83] .
PDT for bile duct and pancreas
Clinical
Biliary tract cancer (carcinoma of the gall bladder and/or bile ducts) has a low survival rate. Patients usually die of unrelieved biliary obstruction, with a median survival of only 9 months. For patients with inoperable tumors that cause obstruction, standard practice is to place a tube (stent) within the biliary drainage system. In a systematic review of two RCTs and four longitudinal prospective studies totalling 170 patients treated with porfimer sodium PDT plus stenting, palliative treatment of cholangiocarcinoma with PDT was associated with increased survival benefit, improved biliary drainage, and quality of life compared with stenting alone, but the quality of this evidence was considered to be low [84] . The preliminary results of a large, multicentre randomised study comparing stenting alone with porfimer sodium PDT plus stenting have also been presented, which showed a significantly shorter survival time in the PDT group [85] . Therefore, there are currently conflicting data on whether PDT improves outcome in patients with cholangiocarcinoma.
For patients with operable biliary tract tumors, one small study suggested that neoadjuvant PDT (given prior to surgery, to shrink the tumor) could increase the probability of surgical resection margins that are free of tumor (R0 resection), prompting calls for a further trial of neoadjuvant PDT and surgery for biliary cancer [86] .
Pancreatic cancer is another highly lethal disease, with a median survival of 6-10 months (3-6 months if the disease is metastatic). At the time of presentation, most patients have advanced disease and are unsuitable for surgery. PDT represents a minimally invasive procedure for tumor debulking, and is performed with transabdominal light fibers (inserted percutaneously through thin needles placed directly into the pancreas under CT or MR image guidance). A preliminary study in 2002 using Foscan looked promising [87] , and a new Phase 1 study using verteporfin as the systemic photosensitizer is currently underway in the UK [88] .
Preclinical
Studies in a pig model showed that ablation of pancreatic tissue under image guidance is safe [89] . Other preclinical studies indicate a rationale for combining verteporfin-PDT and gemcitabine; gemcitabine is an approved chemotherapeutic drug for pancreatic cancer, so the addition of PDT would be logical [90; 91] .
Other Uses for PDT in Cancer
There are many other proposed uses for PDT in oncology, still anecdotal but interesting and potentially promising. One to especially highlight is the use of 5-ALA for fluorescence guided surgical resection of glioma multiforme of the brain. Protoporphyrin IX accumulates specifically in the neoplastic tissue, helping neurosurgeons to identify fluorescent tumor margins in brain tissue (which lacks anatomical landmarks) [92] . Such new uses for photosensitizing drugs as theranostics (the combination of photodiagnosis with surgery), or as neoadjuvants (PDT performed prior to surgical resection), should offer many new therapeutic options in oncology in the future.
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